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Five different molecular glass chemically amplified photoresists which utilized different solubility
switching mechanisms and chemistries, based on a tris4-hydroxyphenylethane THPE core, were
synthesized and their performance compared. Three different positive tone systems were designed
based on acid catalyzed deprotection of a phenolic hydroxyl group protected with one of the
following groups: tert-butoxycarbonyl tBoc, tetrahydropyranyl, or ethoxyethyl. Two negative tone
systems were designed; one using cationic epoxide polymerization of pendant epoxides and one
using condensation of the unprotected THPE with a multifunctional cross-linking additive. The tBoc
system and negative tone systems showed good performance under deep UV and large field e-beam
patterning, but the epoxide system showed far superior performance for high resolution electron
beam patterning. It was able to produce 50 nm 1:1 line/space patterns and 30 nm lines on 1:3
line/space patterns with high sensitivity, good contrast, and a very low line edge roughness 3 of
2.3 nm using 100 keV electron beam patterning. © 2007 American Vacuum Society.
DOI: 10.1116/1.2801885I. INTRODUCTION
In recent years, molecular glass photoresists have re-
ceived significant attention as potential replacements for
polymer based photoresists in sub-65 nm advanced
lithography.1–3 Among the perceived advantages of molecu-
lar resists over polymers are the following: 1 they can be
repeatedly synthesized with precise molecular weight, com-
positional, and stereochemical control, and 2 their much
smaller molecular size and consistent molecular composition
should improve dissolution inhomogeneity which can reduce
line edge roughness LER. Molecular resists have been
shown, both in simulation and experiment, to provide im-
provements in LER compared to polymer resists.4–6 Al-
though molecular glass materials may offer many potential
advantages over polymeric chemically amplified resists
CARs, there are still many things that are unknown about
this class of materials that could potentially cause problems.
Removal and subsequent volatilization of protecting groups
in positive tone molecular resists can cause a loss of up to
approximately 50% of the mass of the resist, possibly lead-
ing to a loss of pattern quality. The small sizes of molecular
resist compounds, and often correspondingly low glass tran-
sition temperatures, can also lead to problems such as more
significant photoacid diffusion and reduced mechanical
aAuthor to whom correspondence should be addressed; electronic mail:
cliff.henderson@chbe.gatech.edu
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problems may be the key to the widespread acceptance of
molecular glass resists.
A variety of solubility switching mechanisms have been
proposed and used for molecular resists.7,8 These include
positive tone chemically amplified compositions with several
different types of protecting groups based on phenol
deprotections9 and carboxylic acid deprotections.10 A few
different negative tone materials have also been used, based
on either epoxide ring opening cross-linking11 or hydroxyl
cross-linking via an additional additive.12 Although many
solubility switching mechanisms have been used, they have
been investigated on many different molecular cores in such
a way that no direct comparison of the advantages and dis-
advantages of each solubility switching scheme could be di-
rectly made on a common molecular core platform. In addi-
tion, it would appear that the majority of previous
publications report only the positive aspects of their results,
while not discussing in any detail the negative features and
results from the materials investigated. This study compares
different solubility switching mechanisms in molecular re-
sists, all based on a common core molecule, revealing both
the advantages and disadvantages of each mechanism.
The common core molecule used in this study is one of
the smallest cores that will form amorphous glasses, 1,1,1-
tris4-hydroxyphenylethane THPE. In total, five different
chemically amplified resists were formulated based on
this common core. Three positive tone resists were made,
one a high activation energy resist, 1,1,1-tris4-tert-
2140/25„6…/2140/5/$23.00 ©2007 American Vacuum Society
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two low activation energy resists, 1,1,1-tris4-
tetrahydropyranyloxyphenylethane THPE-THP and 1,1,1-
tris4-ethoxyethoxyphenylethane THPE-EE. One negative
tone resist, tris4-oxiran-2-ylmethoxyphenylmethane
THPM-Ep, is based on epoxide ring opening cationic po-
lymerization where the multifunctional core cross-links.
The other negative tone resist THPE-CL was made by
blending the THPE core with both a photoacid generator
and an additional cross-linking agent, 1,3,4,6-
tetrakismethoxymethylglycoluril. This cross-linking agent
reacts with the phenolic hydroxy functionality of THPE in
the presence of acid to produce a cross-linked material.13
Figure 1 shows the structure of each of the cores in this
resist.
II. EXPERIMENT
A. Materials and equipment
THPE, 1,3,4,6-tetrakismethoxymethylglycoluril, and
2,3-dihydropyran were purchased from TCI America.
THPM-Ep, ethyl vinyl ether, propylene glycol methyl ether
acetate PGMEA, methyl isobutyl ketone MIBK, hexam-
ethydisilazane HMDS, and triphenylsulfonium nonaflate
TPS-Nf were purchased from Sigma-Aldrich. TPS-SbF6
was purchased from Midori Kagaku Co., Ltd. AZ300 tetram-
ethylammonium hydroxide TMAH developer was donated
by AZ Electronic Materials. THPE-tBoc was synthesized as
previously reported.14 Deep ultraviolet DUV contrast
curves were made using Oriel Instruments 500W Hg–Xe arc
lamp with a 248 nm bandpass filter with film thicknesses
measured using a M-2000 spectroscopic ellipsometer J.A.
Woolam, Inc. over the wavelengths of 350–1000 nm using
a Cauchy layer to model the resist film. Electron beam li-
thography was done using a JEOL JBX-9300FS electron-
beam lithography system with 100 keV acceleration voltage,
2 nA current, and 10 nm single-pixel shot pitch. Resolution
tests were done on 75 nm thick films coated onto a 46 nm
thick silicon nitride membrane windows.15 Further details
about DUV and e-beam lithography procedures can be found
14
FIG. 1. Chemical structures of the five molecular glass resists used in this
work.elsewhere.
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1. 1,1,1-tris„4-tetrahydropyranyloxyphenyl…ethane
„THPE-THP…
2.53 g 8.26 mmol of 1,1,1-tris4-hydroxyphenylethane
was dissolved in 20 ml of ethyl acetate in a round bottom
flask. 8 mL of 2,3-dihydropyran and eight drops of trifluoro-
acetic acid were added to the mixture. After stirring over-
night, a white precipitate had formed in the flask. This pre-
cipitate was collected by filtration and dissolved in 20 ml of
dichloromethane to which was added 8 ml of 2,3-
dihydropyran and six drops of trifluoroacetic acid. After stir-
ring for two days, 20 ml of 0.261N TMAH was added; the
organic phase was extracted, washed with water 20 ml
twice, and dried with MgSO4. The solvent was removed
in vacuo to yield 2.82 g of THPE-THP as a white powder.
Yield: 77%. 1H-NMR 300 MHz, CDCl3  ppm 1.5–2.0
18H, 2.09 3H, 3.60 3H, 3.92 3H, 5.37 3H, 6.91 6H,
6.98 6H.
2. 1,1,1-tris„4-ethoxyethoxyphenyl…ethane „THPE-EE…
THPE-EE was synthesized analogously using to THPE-
THP using ethyl vinyl ether instead of dihydropyran.
1H-NMR 300 MHz, CDCl3  ppm 1.21 t, 9H, 1.48 d,
9H, 3.55 m, 3H, 3.80 m, 3H, 5.35 3H, 6.87 6H, 6.98
6H.
C. Resist processing
Due to the unique nature of each resist, they each received
slightly different processing conditions as described below.
THPE-tBoc and THPE-THP were dissolved in cyclohex-
anone along with 5 mol % TPS-Nf with respect to the func-
tionalized THPE solids, spin cast into films, and postapply
baked at 90 °C for 2 min to form 100 nm thick films. Pos-
texposure, these films received a postexposure bake PEB at
90 °C for 60 s and were developed in 0.065N TMAH 1 /4
dilution of AZ300 MIF for 30 s. THPE-EE was an oil at
room temperature, and so no further lithographic testing was
performed on that material. THPM-Ep was dissolved in PG-
MEA along with 5 mol % TPS-SbF6 with respect to the
THPM-Ep solids, spin cast into films, and soft baked at
60 °C for 4 min to form 120 nm thick films. The THPM-Ep
films received a PEB at either 60 or 90 °C for 60 s and were
developed in MIBK for 30 s followed by an isopropanol
rinse. The THPE-CL resist was formulated by dissolving
THPE into PGMEA along with 15 wt % relative to THPE
solids of 1,3,4,6-tetrakismethoxymethylglycoluril and
5 mol % relative to THPE solids TPS-Nf as a photoacid
generator PAG. THPE-CL films were soft baked at 90 °C
for 2 min to form 100 nm thick films. The PEB for the
THPE-CL films was 90 or 110 °C for 60 s, followed by
development in 0.013N TMAH 1 /20 dilution of AZ300
MIF for 30 s. All solutions were filtered through 0.2 m
PTFE filters before use. No base quencher was used in these
resist formulations so as to prevent any effect on LER and to
eliminate any interaction or segregation effects of base with
the various different resists.
r copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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A. THPE-tBoc
THPE-tBoc behaves much like its polymeric analog, tBoc
protected polyhydroxystyrene tBoc-PHOST. It was ther-
mally stable to approximately 130–140 °C, when the tBoc
groups began to thermally deprotect, and it could be devel-
oped in 0.261N TMAH with no appreciable dark loss. It
could be processed without addition of primer, but performed
better in developer when HMDS was used to prime the sili-
con substrate before coating. It exhibited film thickness loss
in the exposed areas during PEB of upwards of 50% of the
total thickness due to volatilization of the tBoc deprotection
products.
The imaging performance of THPE-tBoc under DUV ex-
posure was rather good. Figure 2 shows the contrast curves
for THPE-tBoc under DUV and e-beam exposures. Its sensi-
tivity was approximately 8 mJ /cm2, depending on develop-
ment conditions. The contrast was also good in 0.261N
TMAH, at approximately 8.5, but could be improved even
further to 11 by using a more dilute developer of 0.065N
TMAH. Under electron beam exposure, THPE-tBoc showed
much poorer behavior. The contrast was reduced to 1.4 and
the dose to clear was an unexpectedly high 153 C /cm2. For
high resolution imaging under e-beam, no features of
100 nm or smaller could be imaged due to high levels of
photoacid diffusion which blurred out smaller features. Al-
though a PEB of 90 °C is not extremely high, photoacid
diffusion is a major issue in this resist because of the high
concentration of acid required to image as judged by the
dose. It is also likely that the high level of protection of the
resist contributes to the reduced sensitivity under e-beam.
B. THPE-THP and THPE-EE
THPE-THP had several problems. It did not consistently
form good films, even when HMDS was used to prime the
silicon substrate surface. Since adhesion was poor, when the
developed film was rinsed in water after exposure, large sec-
tions of the unexposed resist would lift off of the substrate.
The most significant problem, however, with the use of THP
as a protecting group for a resist molecule as small as THPE
is that the number of protecting groups per core molecule is
FIG. 2. Contrast curves of THPE-tBoc under DUV and e-beam 100 keV
exposures.large, i.e., a 3:1 molar ratio in this case. The high level of
J. Vac. Sci. Technol. B, Vol. 25, No. 6, Nov/Dec 2007
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ran and other deprotection products are insoluble in devel-
oper and even more significantly, the dihydropyran tends to
polymerize in the presence of photoacid to form insoluble
polymer films.16,17
In an attempt to circumvent some of the problems with
the dihydropyran deprotection product of THPE-THP,
THPE-EE was synthesized in the hope that the deprotection
product could more easily be volatilized and would not be as
reactive toward polymerization as the dihydropyran pro-
duced from the THPE-THP. Unfortunately, synthesis of the
THPE-EE showed that it was an oil at room temperature.
This is likely due to the presence of the flexible ether link-
ages in the protecting group. THPE-THP is a solid because
the cyclic structure of the protecting group reduces the flex-
ibility in the molecule relative to THPE-EE. Therefore, no
further processing of the THPE-EE was attempted.
C. THPE-CL
THPE-CL had several problems even before high resolu-
tion imaging was attempted. One problem is that for a PEB
of 90 °C or less, very dilute developer 0.026N must be
used. This is because the THPE-CL still forms a phenolic,
hydroxy terminated, low molecular weight polymer that can
dissolve in sufficiently strong aqueous alkaline developers
even though some cross-linking occurs. Another problem
was that for a PEB of 90 °C, the developed film at maximum
dose and thickness was only approximately 50% as thick as
the original film. This puts the lower temperature limit for
PEB processing of the THPE-CL material at 90 °C or above,
which prevents the use of low temperature PEB processing
that could be used to help overcome photoacid diffusion
blurring.
Under DUV exposures, THPE-CL did exhibit a very high
sensitivity. The D50 dose to obtain 50% of maximum film
thickness for THPE-CL was on the order of 1 mJ /cm2.
However, the contrast ratio was a disappointingly low value
of approximately 2 for a 90 °C PEB. Under e-beam expo-
sure, the high sensitivity was maintained, with a D50 of
28 C /cm2 at an acceleration voltage of 100 keV. However,
high resolution testing of THPE-CL using e-beam exposures
revealed even more problems. For PEB temperatures less
than 110 °C, all small patterns produced using e-beam pat-
terning washed off of the substrate. Furthermore, even at the
lowest PEB temperature to successfully produce viable pat-
terns of 110 °C and at the low exposure doses approxi-
mately at the D50 dose, photoacid diffusion induced pattern
blur was a significant problem. No sub-100 nm patterns
could be resolved, even for relaxed 1:3 pattern spacings. Any
future use of THPE-CL would require significant base
quencher loading and photoacid diffusion control to obtain
reasonable imaging control, and the use of extremely dilute
developers can be problematic due to problems in controlling
and maintaining a constant developer strength.
r copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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THPM-Ep had to be preapply baked at 60 °C or less be-
cause at higher temperatures the film dewets from the silicon
substrate forming defects in the film. This occurs because the
terminating glycidyl ethers on THPM-Ep are so flexible that
they significantly lower the melting point as compared to the
unprotected compound. After exposure, the film could be
postexposure baked at temperatures higher than 60 °C be-
cause the cross-linked film was much more robust. One dis-
advantage of using the cationic ring opening of glycidyl ep-
oxides as a solubility changing mechanism is that this greatly
limits the choice of PAGs that can be used in formulating the
chemically amplified resist. Only non-nucleophilic acid
counterions can be used; sulfonic acids, including perfluori-
nated sulfonic acids, will not effectively cause
polymerization.18 Unfortunately, most non-nucleophilic acids
such as hexafluoroantimonate are unfavorable for use in
semiconductor applications for a variety of reasons.
Despite these drawbacks, THPM-Ep has many good prop-
erties. Unlike positive tone resists, it exhibited no change in
film thickness or shrinkage upon PEB. Multiple different sol-
vents can be used for development including MIBK, THF,
and PGMEA. Choice of developer could have an effect on
LER due to differences in swelling and pattern collapse, but
was not investigated in this study; MIBK was used as devel-
oper for all results shown for THPM-Ep. However, use of a
solvent for development is generally considered less favor-
able for semiconductor processing as compared to aqueous
based developers. THPM-Ep imaged under DUV with good
sensitivity, reaching around 75% of its maximum thickness
at an exposure dose of only 3 mJ /cm2. It also had reasonable
contrast, with a contrast ratio of approximately 5. Figure 3
shows DUV and e-beam contrast curves for THPM-Ep forJVST B - Microelectronics and Nanometer Structures
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excellent sensitivity with a D50 of 16 C /cm2. Interestingly,
there appears to be a potentially more favorable imaging
dose of approximately 6–8 C /cm2 which gives only 33%
of the maximum film thickness but at the highest contrast of
approximately 2.5. It can be seen that PEB temperatures
from 60 to 90 °C can be used with little loss in performance,
the only major differences being that at 90 °C the final film
thickness is the same as before development, while at 60 °C,
there is still around 20% dark loss even at high doses.
THPM-Ep showed excellent high resolution imaging. Fig-
ure 4 shows 80 nm 1:1 line/space patterns for THPM-Ep
with a PEB of 60 °C THPM-Ep-60, and 50 nm 1:1 line/
space and 30 nm 1:3 line/space patterns for THPM-Ep with a
PEB of 90 °C THPM-Ep-90. THPM-Ep-90 resolved 1:1
patterns down to 50 nm and 1:3 patterns down to 30 nm,
while THPM-Ep-60 gave excellent 1:1 patterns down to
55 nm and 1:3 patterns down to 40 nm. Failure at smaller
pitch sizes was not due to image blurring, but was instead
due simply to pattern collapse as the aspect ratio of features
increased due to the pattern size decreasing at constant film
thickness. It is believed that THPM-Ep-90 gave smaller fea-
tures than THPM-Ep-60 because of the more complete cross-
linking which occurs at the higher PEB temperature, thus
generating more robust features. No major difference be-
tween the two PEB conditions due to photoacid diffusion
could be easily observed, but was likely due to lack of any
identical comparable lines smaller than 40 nm.
Using the 80 nm 1:1 line/space patterns, the LER and
linewidth roughness LWR were calculated. For THPM-Ep-
60, LER 3 was 2.7 nm and LWR 3 was 3.8 nm, while
for THPM-Ep-90, an even smaller LER 3 of 2.3 nm and
LWR 3 of 3.4 nm were obtained. These are very low
FIG. 3. Contrast curves for THPM-Ep
under a DUV and b e-beam
100 keV.
FIG. 4. SEM of e-beam patterning of
a THPM-Ep-60 80 nm 1:1 line/
space, b THPM-Ep-90 50 nm 1:1
line/space, and c THPM-Ep-90
30 nm 1:3 line/space.r copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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commonly reported for conventional CARs.19 This 5 nm
limit appears to hold true for both polymeric and molecular
glass resists. The excellent LER performance of this resist
can likely be attributed to several things. The film should be
very uniform in that each individual resist molecule in the
initial film is identical, and so development should be very
uniform. The high sensitivity implies that there is very little
photoacid actually generated at the imaging doses for this
material, and thus the driving force for photoacid diffusion at
the line edge is lower. The photoacid counterion in this sys-
tem is also quite bulky and should help to limit photoacid
diffusion. The cross-linking reaction can occur without the
movement of the proton, meaning that the solubility switch-
ing is not dependent on the photoacid diffusing to each indi-
vidual reaction site.
IV. CONCLUSIONS
Five different molecular glass CARs were investigated
based on a common molecular resist core. THPE-THP was
found to form insoluble residues after exposure, and so was
not tested in e-beam for high resolution imaging. THPE-EE
was an oil at room temperature, but the EE protecting group
could possibly work as a low activation energy protecting
group on larger molecular resist cores. THPE-tBoc imaged
with reasonable contrast and could be processed under simi-
lar conditions as tBoc-PHOST, but the fully protected glass
required high levels of photoacid to cause deprotection
which resulted in photoacid diffusion induced pattern blur.
Although this specific resist could not resolve sub-100 nm
images due to photoacid diffusion induced blur, it appeared
that it could be optimized and redesigned for improved im-
aging. However, sub-50 nm imaging for the THPE-tBoc ma-
terial is doubtful at any reasonable sensitivity. The THPE-
tBoc material did, however, show that the tBoc protecting
group does not increase the flexibility of even small core
molecules to the point where the glass transition or melting
point is lowered to levels where the behavior of the com-
pound suffers. THPE-CL had good sensitivity, but suffered
because of the high temperatures required for imaging which
led to blurred images. Even though the use of base quencher
and diffusion control could likely improve resolution, the
high temperatures required for imaging likely would severely
limit the ultimate resolution of this material. THPM-Ep had
good sensitivity with reasonable contrast and produced ex-
cellent high resolution patterns with a low LER 3 of
2.3 nm. Its basic imaging shows that it is a good candidate
for further study for the 32 nm node and below; indeed, itJ. Vac. Sci. Technol. B, Vol. 25, No. 6, Nov/Dec 2007
Downloaded 28 Mar 2013 to 130.207.50.120. Redistribution subject to AVS license ohas already shown the capability to resolve 30 nm lines at
1:3 line/spacing. Its industrial application in semiconductor
processing may be limited though due to both the limited
choice of PAGs that work with this material i.e., sulfonic
acid PAGs cannot be used and instead this material required
non-nucleophilic PAGs such as triphenyl sulphonium
hexafluoroantimonate and the requirement that organic sol-
vents be used for development. However, because of its ex-
cellent imaging with high sensitivity at 100 keV, THPM-Ep
should receive further consideration as a resist for future
high resolution e-beam lithography applications including
mask making.
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